On Quaternary time scales, the global biogeochemical cycle of silicon is interlocked with the carbon cycle through biotic enhancement of silicate weathering and uptake of dissolved silica by vascular plants and aquatic microalgae (notably diatoms, for which Si is an essential nutrient). Large tropical river systems dominate the export of Si from the continents to the oceans. Here, we investigate variations in Si cycling in the upper White Nile basin over the last 15 ka, using sediment cores from Lakes Victoria and Edward. Coupled measurements of stable O and Si isotopes on diatom separates were used to reconstruct past changes in lake hydrology and Si cycling, while the abundances of lipid biomarkers characteristic of terrestrial/emergent higher plants, submerged/floating aquatic macrophytes and freshwater algae document past ecosystem changes. During the late-glacial to mid-Holocene, 15e5.5 ka BP, orbital forcing greatly enhanced monsoon rainfall, forest cover and chemical weathering. Riverine inputs of dissolved silica from the lake catchments exceeded aquatic demand and may also have had lower Si-isotope values. Since 5.5 ka BP, increasingly dry climates and more open vegetation, reinforced by the spread of agricultural cropland over the last 3e4 ka, have reduced dissolved silica inputs into the lakes. Centennial-to millennial-scale dry episodes are also evident in the isotopic records and merit further investigation.
Introduction
The biogeochemical cycles of essential nutrients such as carbon, nitrogen, phosphorus and silicon are major determinants of global climate and ecophysiology on Quaternary time scales (Berner and Berner, 2012; Kump et al., 2013; Schlesinger and Bernhardt, 2013) . The Si cycle is interlocked with the carbon cycle (Conley, 2002; through several key processes: enhancement of silicate rock weathering by biotic activity (Kelly et al., 1998; Lucas, 2001) ; pumping of dissolved silica (DSi) by higher plants to form biogenic silica (BSi) particles known as opal phytoliths, which are deposited by litterfall and actively recycled by soil processes (Carey and Fulweiler, 2012; Derry et al., 2005; Sommer et al., 2006; Song et al., 2012; Struyf and Conley, 2012) ; and uptake of DSi by siliceous algae, notably diatoms, in rivers, lakes, reservoirs and oceans (Conley, 1997; De La Rocha and Tr eguer, 2012; Frings et al., 2014a; Humborg et al., 2000; Smetacek, 1999) . The global DSi flux to the oceans is dominated by large tropical rivers (Gaillardet et al., 1999) and by chemical weathering of basalts (Dessert et al., 2003; Dupr e et al., 2003) . Since DSi is an essential nutrient for marine diatoms, which largely control the export of organic carbon to the deep ocean (Smetacek, 1999; Yool and Tyrrell, 2003) , Quaternary variations in DSi output from tropical rivers could potentially have had a significant impact on the drawdown of atmospheric CO 2 by the marine biological pump.
Major uncertainties still surround the impact of Late Quaternary fluctuations in climate and terrestrial ecosystems on the continental weathering flux of DSi and hence on the oceanic carbon cycle (De La Rocha and Tr eguer, 2012; De La Rocha and Bickle, 2005; Frings et al., 2014a; Froelich et al., 1992; Laruelle et al., 2009; Lupker et al., 2013; von Blanckenburg et al., 2015) . Analyses of Si isotopes in diatomaceous lake muds, which are largely immune to recycling by surface processes, have the potential to elucidate the response of the continental Si cycle to past changes in climate, hydrology, vegetation and chemical weathering (Chen et al., 2012; StreetPerrott et al., 2008; Swann et al., 2010) . Here, we reconstruct the response of the Si cycle in the headwaters of the White Nile to variations in climate and human activity since the last major desiccation event (~15 ka BP), using sediment cores from Lakes Victoria and Edward. We employ coupled measurements of Si and O isotopes in diatoms (d 30 Si diatom and d
18
O diatom ) and lipid biomarkers as tracers for the Si cycle, palaeohydrology and ecosystem changes, respectively. Additional insights are provided by published stratigraphical, geochemical and palaeoecological records from these lakes.
Background

Oxygen isotopes
Studies of O isotopes in diatom silica are relatively well established, for example in temperate latitudes, where it has been shown that the oxygen-isotope values of diatom silica (d 18 O diatom ), like those of carbonates, are controlled primarily by water temperature and/or by the isotope composition of the lake water (Leng and Barker, 2006; Leng and Marshall, 2004) . In the tropics, seasonal temperature changes are small (Rozanski et al., 1996 (Rozanski et al., , 1993 . Instead, the isotopic composition of lake water is influenced by a combination of factors including the amount of precipitation, the d
O
value of the water vapour and its trajectory from the source region; although surface processes such as riverine inputs and evaporative enrichment are generally the main controls on d
18
O diatom (Barker et al., , 2001 Hern andez et al., 2011; Hern andez et al., 2010; Leng and Barker, 2006; Polissar et al., 2006) .
Silicon isotopes
Processes operating at every stage of the Si cycle can be monitored using the stable isotopes of Si as a tracer (Basile-Doelsch, 2006; Cornelis et al., 2011; De La Rocha, 2002; Ding et al., 1996; Douthitt, 1982) . Si has three stable isotopes, 28 Si, 29 Si and 30 Si, which can be measured in silicates and natural waters by mass spectrometry. The 30 Si/ 28 Si ratio is reported in standard delta notation relative to an international standard (Leng et al., 2009) . Si isotopes are not fractionated by the hydrological cycle. However, uptake of DSi to form biogenic silica (BSi) or secondary minerals, which are isotopically depleted, raises the d rise towards the starting composition of the source water as the DSi supply is exhausted (Alleman et al., 2005; Basile-Doelsch, 2006; De La Rocha, 2006) . By contrast, in an open (steady-state) system with a continuous input of nutrients derived from the same external source, d
30 Si diatom values may climb even higher during prolific diatom blooms Varela et al., 2004) . In the oceans, Si-isotope data have been used as a proxy to reconstruct palaeoproductivity (or more strictly marine silicic-acid use by diatoms relative to initial dissolved silicic-acid concentrations) (Brzezinski et al., 2002; De La Rocha et al., 1998) . However, in continental environments, there have been fewer Si-isotope investigations. Si in rivers comprises both dissolved and particulate matter; measurement of both permits assessment of both weathering-and productivity-related fractionation. Modern studies of Si isotopes in large fluvial systems have documented intense biotic Si cycling in the humid tropics (Frings et al., 2014b; Hughes et al., 2012 Hughes et al., , 2011 Hughes et al., , 2013 , which may progressively elevate d
30
Si values downstream in rivers like the Nile that traverse extensive lakes and wetlands, in which DSi is efficiently stripped from the water by both biotic uptake and neoformation of clays (Cockerton et al., 2013; Ding et al., 2004; Fontorbe et al., 2013) .
Modern Si-isotope investigations of lakes have focused on the relationships between climate, hydrogeology, diatom productivity and lake-mixing regimes (Alleman et al., 2005; Opfergelt et al., 2011) . These studies, while highlighting the complexity of lake systems (which potentially receive influxes of several weatheringderived components), confirm that Si-isotope ratios are consistent with DSi concentrations (Alleman et al., 2005; De La Rocha et al., 2000; Opfergelt et al., 2011) . They also suggest that Si-isotope fractionation by diatoms is independent of species and temperature, offering potential information on past changes in nutrient supply and diatom production. However, few previous studies have analysed Si isotopes in biogenic components of Quaternary lake sediments (Chen et al., 2012; Stephens, 2011; Swann et al., 2010) . For this reason, we compare our Siisotope data in this paper with new measurements of lipid biomarkers and published palaeoenvironmental data in order to validate our interpretations.
Lipid biomarkers
The organic fraction of lacustrine sediments comprises a mixture of autochthonous compounds synthesized by living organisms that lived within the lake, such as algae, bacteria and submerged/floating macrophytes, and allochthonous inputs from the catchment, notably from vascular land plants. n-Alkanes, which are least susceptible to degradation, are most commonly used in palaeoenvironmental reconstructions (Meyers, 1997; Meyers and Ishiwatari, 1993) . Suites of n-alkanes characteristic of certain plant groups can be used to investigate contributions from specific sources (i.e. terrestrial vs. aquatic). Odd-numbered, long-chain homologues (C 27 eC 35 ) are generally characteristic of terrestrial higher-plant leaf waxes (Eglinton and Hamilton, 1967) , whereas short-chain homologues (C 17 eC 21 ) are characteristic of aquatic algae (Cranwell et al., 1987) but vulnerable to diagenesis. Ficken et al. (2000) demonstrated that mid-chain-length (C 23 eC 25 ) n-alkanes formed the main component of leaf waxes produced by submerged and floating (non-emergent) aquatic macrophytes.
Biomarker ratios of long-and mid-chain n-alkanes are used here to assess the relative contributions from vascular-plant sources. The P wax ratio is given by the abundance of long-chain n-alkanes over the sum of mid-and long-chain n-alkanes (P wax ¼ (C 27 þ C 29 þ C 31 )/ (C 23 þ C 25 þ C 27 þ C 29 þ C 31 )), and reflects the proportions of leaf waxes derived from terrestrial plants and emergent aquatic macrophytes such as reeds, relative to those derived from submerged/ floating aquatic macrophytes (Zheng et al., 2007) . Ficken et al. (2000) proposed the n-alkane P aq proxy (P aq ¼ (C 23 þ C 25 )/ (C 23 þ C 25 þ C 29 þ C 31 )) to distinguish the relative contribution of submerged/floating aquatic macrophytes from that of emergent aquatics and terrestrial plants. A P aq value of >0.4 signifies that an important fraction of the n-alkanes originated from submerged/ floating plants (Ficken et al., 2000) .
Odd-numbered, mid-to long-chain n-alkenes in lake sediments are widely used as algal indicators (de Mesmay et al., 2007; Matsumoto et al., 1990; Theissen et al., 2005; Xu and Jaff e, 2009; Zhang et al., 2004) . Reported sources for these compounds have rather diverse ecologies and include cyanobacteria, green (e.g. Scenedesmus, Botryococcus braunii) and yellowegreen (eustigmatophyte) algae (e.g. Nannochloropsis) (Xu and Jaff e, 2009 ). Zhang et al. (2004) formulated a proxy for algal inputs based on the proportion of n-alkenes plus a hydrocarbon compound produced by B. braunii (cyclobotryococcatriene), relative to terrestrial-plant leaf waxes. P alg ¼ (C 23:1 þ C 25:1 þ C 27:1 þ cyclobotryococcatriene)/ (C 23:1 þ C 25:1 þ C 27:1 þ cyclobotryococcatriene þ C 29 þ C 31 þ C 33 ). However, cyclobotryococcatriene was not identified in Lake Victoria or Lake Edward sediments, so the P alg formula was revised for this paper:
3. Regional setting 3.1. Lake Victoria Lake Victoria (68,800 km 2 ) is the third largest lake in the world (Kendall, 1969) and straddles the Equator between the eastern and western branches of the East African Rift System (Fig. 1) . It is located at 1134 m a.s.l in the headwaters of the White Nile. It is relatively shallow with a mean depth of 40 m and a maximum depth of 68 m (Johnson et al., 2000) . The catchment directly surrounding the lake is relatively flat, not exceeding~25 m above the lake surface (Kendall, 1969) , whereas the outer drainage basin to the east and west is enclosed by the shoulders of the rift valleys, with elevations exceeding 2000 m a.s.l. (Fig. 1) . Lake Victoria is an "open, atmosphere-controlled" lake with a large area:volume ratio (Spigel and Coulter, 1996; Street-Perrott and Harrison, 1985) , which makes its water balance and lake level moderately sensitive to climate change, especially when the latter drops below its outflow to the White Nile (Street-Perrott, 1995) . It probably desiccated at least twice during the Last Glacial Maximum (LGM), as identified by seismic reflectors and palaeosols in deep-water cores Kendall, 1969; Stager et al., 2002; Talbot and Laerdal, 2000) . This study focusses mainly on the time interval since the last desiccation event, which ended 15 ka BP ago (Berke et al., 2012) .
The Lake Victoria catchment is largely underlain by Precambrian granitic and metamorphic rocks. Small pockets of Cenozoic volcanics are found on its eastern and western borders (Schlüter, 2008) . Intense leaching of mobile cations and Si under the hot, humid, interglacial climate of the rift flanks has led to widespread development of deep, ferralitic soil profiles. Fluvial sediments draining these areas are dominated by relatively inert weathering residues (quartz sand and kaolinite clays) (Garzanti et al., 2013a (Garzanti et al., , 2013b . These conditions are typical of a transport-limited chemicaldenudation regime (Stallard, 1995 ; Street-Perrott and Barker, Fig. 1 . Location map of Lake Victoria.
2008).
The Lake Victoria Basin experiences a bimodal rainfall distribution with "long rains" occurring between March and May and "short rains" between October and December. Annual precipitation is~1250e1500 mm/yr in the plains surrounding the lake and >2000 mm/yr in the highlands. The annual variation in rainfall is largely governed by the northesouth migration of the Inter-tropical Convergence Zone (ITCZ), where the north-east and south-east monsoons meet (Johnson et al., 2000) . To the west, the Congo Air Boundary (CAB) separates moist, Atlantic airflows from south-east tradewinds sourced from the Indian Ocean (Nicholson, 1996; Tierney et al., 2011) . Rainfall distribution is also influenced by the lake itself; its large area and circular geometry promote strong landelake circulations (Flohn and Fraedrich, 1966) .~85% of water inputs originate from rain falling directly onto the lake surface (Sutcliffe, 2009; Sutcliffe and Parks, 1999) . Mean annual air temperatures around Lake Victoria range from 16e17 C (min.) to 27e30 C (max.), and in the highlands from 22e24 C to <10 C (Hughes and Hughes, 1992) . Evaporation rates are high, particularly over the lake surface, from which~90% of water losses take place (Nicholson, 1998; Piper et al., 1986; Sutcliffe, 2009; Sutcliffe and Parks, 1999) . Elevated modern lake-water d
18 O values (Cockerton et al., 2013) suggest that evaporation exerts a strong influence over O isotopes, enhancing their sensitivity to shifts in climate.
The lake catchment covers 194,000 km 2 (Piper et al., 1986) ( Fig. 1) . The Kagera River, draining the highlands of Burundi and Rwanda, is the principal inflow. The Katonga River and several small tributaries in the north-east of the basin constitute the remainder of the major surface inputs (Sutcliffe and Parks, 1999) . The only outflow occurs at Jinja at the north end of the lake via the Victoria Nile, marking the beginning of the White Nile, to which it provides a steady base flow throughout the year. Lake Victoria is monomictic; overturn of the water column occurs during the cooler, windier season in MayeAugust when strong southerly winds cause upwelling of nutrients. Modern terrestrial vegetation in the lowlands (<2000 m) of the Lake Victoria Basin is predominantly woodland and savanna (Langdale-Brown et al., 1964; White, 1983) . Enhanced rainfall in the northern and western parts of the basin supports pockets of lowland rainforest and on the highland peripheries, montane rainforest. Large areas are cultivated for subsidence farming (e.g. plantains, cassava, sweet potatoes and bananas) or used for grazing, creating a mosaic of natural vegetation and cultivated crops. The lake fringes and the floodplains of its tributaries are characterised by wetlands, supporting a variety of submerged and emergent macrophytes. In the lower reaches of the Kagera River, a 150 kmlong stretch is flanked by a zone of lakes and swamps up to 15 km wide and dominated by Cyperus papyrus (C 4 emergent sedge) and Vossia cuspidata (C 4 aquatic grass) (Sutcliffe and Parks, 1999) . The lake itself is surrounded by extensive swamps with C. papyrus and Miscanthidium violaceum (C 4 aquatic grass).
Lake Edward
Lake Edward occupies a half-graben at an altitude of 912 m a.s.l. in the Western Rift (Fig. 2) . It has a surface area of 2325 km 2 and a maximum depth of 117 m Russell et al., 2003a) . The lake is bounded to the north by the Rwenzori Mountains (>5000 m), to the west by the steep rift escarpment (2500e3000 m a.s.l.), to the south by the Virunga Volcanoes (>4500 m a.s.l.) and to the east by the more gently rising Kigezi Highlands (1500e2700 m a.s.l.). The northern part of the Western Rift system is largely underlain by Precambrian basement rocks (gneisses and granites), with areas of Quaternary alluvial deposits around the Great Lakes and their associated river valleys. Neogene volcanics (notably alkali basalts) can be found in the Virunga Mountains and in small volcanic craters and vents close to Lakes George and Edward (Schlüter, 2008) . A northesouth fault scarp, the Kasindi Fault Zone (KFZ), divides Lake Edward into two sub-basins and has significantly affected sedimentation patterns. The deepest point lies to the west of the KFZ, with the shallower eastern basin being subject to small-scale faulting Russell et al., 2003a) .
Like Lake Victoria, the Lake Edward Basin exhibits a bimodal rainfall regime with rainy seasons from October to December and March to May in association with the twice-yearly passage of the ITCZ (Nicholson, 1996) . Lake Edward also receives moisture from the south-easterly Indian Ocean monsoon, though its close proximity to the CAB suggests that a substantial contribution originates from the Atlantic Ocean via the Congo Airstream (Russell and Johnson, 2006) . Annual rainfall is about 900 mm/yr over the lake with substantially greater amounts falling at higher elevations (Viner and Smith, 1973) .
The catchment of Lake Edward covers 15,840 km 2 . The lake is fed primarily by rivers draining the surrounding mountains ( Fig. 2 ) (Lehman, 2002; Russell and Johnson, 2006) . These areas of steep relief are probably subject to a weathering-limited chemicaldenudation regime (Stallard, 1995; . In addition, the Kazinga Channel, a 30 km-long, 1 km-wide, drowned river valley that flows sluggishly from the shallow, hypereutrophic Lake George (914 m a.s.l.) to the east, is a major inflow. Lake George is mainly fed by streams draining the Rwenzori Mountains (Russell and Johnson, 2006) . Its large population of hippos (Hippopotamus amphibius), which graze on land and defecate in the water, probably adds substantial amounts of partially digested BSi to the lake and the Kazinga Channel (J. Schoelynck, pers. comm. 2015) . Currently, Lake Edward overflows into the Semliki River, which runs northwards into Lake Albert and thence to the White Nile. Unfortunately, gauging stations are sparse, although river runoff is believed to be its most important source of water (Lehman, 2002) . Russell and Johnson (2006) calculated from isotopic data that 54% of water losses occur through evaporation and the remainder through the outflow. Together, these estimates suggest that Lake Edward should be classified as an "open, reservoir lake", with a modern water balance governed by riverine inflows and outflows, which implies that it was most sensitive to long-term climate change during periods when its water level dropped below the outlet, especially if there was a pronounced decrease in riverine inputs (Street-Perrott, 1995; Street-Perrott and Harrison, 1985) , for example due to desiccation of Lake George. Lake Edward is permanently anoxic below 30 m water depth but only weakly thermally stratified; it is currently mesotrophic (Russell and Werne, 2009) . Vegetation in the Rift Valley floor surrounding Lake Edward consists of a mosaic of evergreen bushland and thicket, secondary Acacia wooded grassland and farmland. In the highlands east of Lake Edward and northeast of Lake George, forest reserves protect large remnants of moist semi-deciduous rainforest while in the mountains to the north, west and south, Afromontane rainforest grades upwards into Ericaceous shrubland and then Afroalpine vegetation (Beuning and Russell, 2004; Jolly et al., 1997; LangdaleBrown et al., 1964; Livingstone, 1967; White, 1983) . The contrast in vegetation between the plains and the higher ground is attributable to the rainshadow effect of the surrounding mountains. Large areas of graminoid wetland dominated by C. papyrus or Phragmites mauritianus (C 3 grass) occupy the mouths of tributaries entering Lake Edward (Hughes and Hughes, 1992) and surround Lake George (Green, 2009; Hughes and Hughes, 1992) . Extensive wetlands also exist in some headwater regions, particularly the Kigezi Highlands (Green, 2009) . In Lake Edward, Potamogeton pectinatus is the dominant submerged macrophyte, together with Najas marina and Vallisneria aethiopica (Hughes and Hughes, 1992) .
Previous palaeolimnological investigations
Lake Victoria
Prior to 1995, only five long sediment cores were collected from Lake Victoria and analysed for pollen, diatoms and bulk organic geochemistry (Kendall, 1969; Stager, 1984; Stager et al., 1997 Stager et al., , 1986 Talbot and Livingstone, 1989) . All these cores were obtained from the northern part of the lake close to the current shoreline and thus may not represent basin-wide conditions (Johnson, 1996) . In 1995 and 1996, nine additional cores of varying length and basal age were recovered by the International Decade for East Africa Lakes (IDEAL) multidisciplinary project. Offshore coring sites were selected based on seismic-reflection profiles in order to obtain long, continuous records spanning the Late Pleistocene and Holocene. The IDEAL cores are curated by the US National Lacustrine Core (LacCore) Facility at the Limnological Research Center, University of Minnesota.
During the LGM, a double vertisolic palaeosol in multiple sediment cores shows that Lake Victoria desiccated at least twice; the 14 C chronology of these events is still debated, but one or other may correspond to the intensely cold/dry Heinrich event H-1 of higher latitudes Stager and Johnson, 2008; Stager et al., 2011; Talbot and Laerdal, 2000) . Based on the TEX 86 index, water temperatures were at least 6 C cooler at~15.2 ka BP but rose rapidly as the lake started to refill (Berke et al., 2012; Stager and Johnson, 2008) . Lake Victoria overflowed into the White Nile from~14.2 to 14 ka BP onwards Williams et al., 2006) . A short period of lower water level just prior to~11.5 ka BP has been correlated with the cold/dry European Younger Dryas event (Johnson et al., 2000; Kendall, 1969; Williams et al., 2000) .
Tropical aridity and weakening of the African monsoon rains during the LGM, culminating in complete desiccation of Lake Victoria, have been attributed to complex interactions between orbital geometry, atmospheric composition, ocean circulation and landsurface conditions (Gasse, 2000; Gasse et al., 2008; Kiage and Liu, 2006; Stager et al., 2002) . Increasing JuneeJulyeAugust (JJA) insolation amplified the boreal summer monsoon during the African Humid Period (AHP) between~15 and 5.5 ka BP, creating wetter and warmer conditions across northern and equatorial Africa (Barker et al., 2004; deMenocal et al., 2000; Gasse, 2000; Kutzbach and Street-Perrott, 1985) , resulting in abrupt filling of Lake Victoria and the onset of overflow into the Victoria Nile. Superimposed on these long-term climatic trends were millennial-scale events associated with major atmosphereeocean reorganizations, notably Heinrich event H-1 and the Younger Dryas (Bard et al., 2000; Bond et al., 1992; Street-Perrott and Perrott, 1990) , providing a link between major climatic events in the tropics and the high latitudes (Stager et al., 2002 (Stager et al., , 2011 . A shift from savanna grasses during the LGM to semi-deciduous forest took place~14 ka BP, shortly after the refilling of Lake Victoria (Kendall, 1969) . At the beginning of the Holocene, the development of moist evergreen forest indicated increased humidity and rainfall, following a brief increase in grass pollen during the Younger Dryas event.
Diatom palaeoecological studies highlight the nearly synchronous changes in lacustrine and terrestrial environments within the Lake Victoria basin (Stager et al., 2003; Stager and Johnson, 2000; Stager et al., 1986 ). Diatom assemblages above the upper palaeosol represent rising water levels, although the lake water was initially chemically concentrated (Kendall, 1969; Stager and Johnson, 2000) . High total organic carbon (TOC) and hydrogenindex (HI) values indicate an increasing contribution from phytoplankton, providing evidence for deepening water in a transgressive basin (Talbot and Laerdal, 2000) . During the cooler Younger Dryas interval (~13e11.5 ka BP), the water level temporarily dropped and outflow may have ceased in response to renewed aridity (Berke et al., 2012; Johnson et al., 2000; Stager et al., 1997; Stager and Johnson, 2000) .
High diatom productivity at the start of the Holocene, implied by elevated BSi concentrations , was associated with maximum precipitation/evaporation (P/E) ratios and thorough water-column mixing under windy conditions (Stager et al., 1997 (Stager et al., , 2003 Stager and Johnson, 2000) . An abrupt 8‰ lowering of d
18
O in aquatic cellulose, accompanied by a 23‰ decrease of dD in terrestrial leaf waxes (C 28 fatty acid), confirms the strong positive trend in water balance (Berke et al., 2012; Beuning et al., 2002) . However, between~9.8 and 7.5 ka BP diatom productivity rapidly declined, as shown by low BSi concentrations in several of the IDEAL cores (Johnson et al., 2000) . Johnson et al. (1998) used a mass-balance model to estimate that silica cycling in Lake Victoria would only be able to sustain itself for~40 years by utilizing its internal reservoir of DSi. Hence, the long-term supply of Si to the lake ecosystem must have been controlled by inputs from the catchment , as is the case for other large tropical African lakes such as Malawi and Edward (Bootsma, 2003; Johnson et al., 2001 Johnson et al., , 2002 Russell and Johnson, 2005) .
The reduction in duration and/or intensity of wind-driven mixing continued into the mid-Holocene (Johnson et al., 2000; Kendall, 1969; Stager et al., 1997 Stager et al., , 2003 Stager and Johnson, 2000; Talbot and Laerdal, 2000) . A transition from evergreen to semideciduous forest after~6.8 ka BP marks the development of more pronounced dry seasons (Kendall, 1969; Stager et al., 1997 Stager et al., , 2003 . By~5 ka BP, declining diatom abundance and a shift to pennate diatoms indicate lower water levels with more extensive shallows (Stager, 1984; Stager and Johnson, 2000) . A further reduction in water-column mixing was inferred from the presence of Nitzschia fonticola (Stager et al., 1997 (Stager et al., , 2003 Stager and Johnson, 2000) . Forest decline starting at~3.2 ka BP may reflect the penetration of agriculture into East Africa (Kendall, 1969) , while an accompanying rise in sedge and grass pollen suggests encroachment of swamp vegetation at inshore sites and expansion of regional grasslands.
IDEAL core V95-1P (00 27.63 0 S, 33 24.09 0 E) was selected for this study due to its long and continuous record dating back tõ 21 ka BP (Berke et al., 2012; Johnson et al., 2000) and to the availability of core material. This core was collected from a water depth of 68 m in the north-eastern part of the lake. It has a total length of 906.5 cm. Two palaeosols are present at 906.5e741.5 and 686e619.5 cm, separated by a~55 cm-thick, fine grained mud with large plant macrofossils including reed-stem fragments. Above 619.5 cm, a gradual transition into homogenous, massive, lacustrine muds marks the late-glacial transgression. These muds constitute the remainder of the core, becoming diatomaceous between~550 and 400 cm.
Lake Edward
Apart from initial investigations in the 1970s (Hecky and Degens, 1973) , little work was carried out on the palaeolimnology of Lake Edward before the IDEAL expedition in 1996. A total of four IDEAL cores of varying length and age was collected; between them these span the Holocene epoch. Their sediment stratigraphy and radiocarbon ages provide evidence of reworked sediments and prolonged hiatuses, particularly in the shallower cores (Beuning and Russell, 2004; Russell et al., 2003a) . In addition to climate change, rift tectonics have caused lake-level changes and slumping of older deposits, making it difficult to separate these two influences in some cases ). An insight into climatic conditions during the LGM is provided by a slump deposit within the Holocene muds of core E96-2P, dated to 20,600 14 C yr BP Russell et al., 2003a) . Its lithological properties and geochemical composition suggest precipitation of high-Mg endogenic calcite from highly evaporated lake waters, indicating a more arid climate (Beuning and Russell, 2004; Russell et al., 2003a) .
The continuous palaeoclimatic record from Lake Edward comprises an early-to mid-Holocene interval of high lake levels resulting from an orbitally forced increase in monsoon rainfall, followed by increasing aridity from~5.2 ka BP onwards, as the duration or intensity of the rainy seasons declined (Russell and Johnson, 2005; Russell et al., 2003a Russell et al., , 2003b . Superimposed on this long-term evolution, several centennial-to millennial-scale events have been identified, particularly at~4 and 2 ka BP (Russell and Johnson, 2005) . Late Holocene climatic events of multi-decadal duration Johnson, 2005, 2007; Russell et al., 2003a Russell et al., , 2003b are not discussed here since the main focus is on orbitalscale changes.
Evidence for wet conditions during the early-to mid-Holocene (~11.2e6.7 ka BP) comes largely from pollen evidence showing that moist semi-deciduous, lowlandeforest taxa predominated. Lake levels as much as 12.5 m higher than today were reconstructed from shorelines dated 11.2e9 ka BP by Beuning and Russell (2004) . During this period, Lake Edward was periodically and perhaps seasonally mixed (Russell et al., 2003a ). An observed decline in lake level from 9 to 5.2 ka was attributed to tectonic lowering of the Semliki outlet rather than to climate change Russell et al., 2003a) . Beuning and Russell (2004) estimated that an increase of 25e60% in annual precipitation compared to present (1500e2000 vs. 1200 mm/yr today) would be required to sustain extensive moist, semi-deciduous forest on the Rift floor. Maximum wetness between~9 and 6.7 ka BP was inferred from slight changes in pollen assemblages, relatively high sedimentary S concentrations (a tracer for Fe delivery from the catchment) and clastic sedimentation indicative of increased runoff. Several poorly dated, millennial-scale oscillations in stratification occurred between 9 and 5.2 ka (Russell et al., 2003a) .
BSi concentrations declined gradually during the early to midHolocene, suggesting to Beuning and Russell (2004) that increased flow though the outlet due to an increase in P/E resulted in a decreased residence time of DSi in the lake. In contrast, Russell and Johnson (2005) argued that increased wetness would have mobilised more DSi, resulting in an increased rate of BSi accumulation if diatoms had dominated the phytoplankton. As with Lake Victoria and some of the other large African lakes such as Malawi (Bootsma, 2003) , the DSi stock in the hypolimnion of Lake Edward is too small to sustain the long-term changes seen in the BSi record. Russell and Johnson (2005) calculated that the residence time of DSi in Lake Edward is only~4 yr and concluded that riverine inputs to the lake controlled long-term changes in the supply of DSi.
The onset of drier conditions at~5.2 ka BP at Lake Edward was marked by the start of endogenic calcite precipitation. A long-term rise in the Mg content of calcite suggested a progressive increase in evaporative concentration (Kelts and Hsü, 1978; Russell and Johnson, 2005; Russell et al., 2003a) . Ferruginous sands in core E96-2P provided evidence of lake low stands between~4.4 and 2.0 ka BP (Russell et al., 2003a) . A drought event identified at 4.2 ka BP (Russell and Johnson, 2005; Russell et al., 2003b) coincided with a severe drying episode recognised in many other East African palaeoclimate records (Gasse, 2000; Street-Perrott and Perrott, 1993) . Lake George desiccated and the level of Lake Albert fell (Beuning et al., 1997; Viner, 1977) , suggesting regional aridity in western Uganda. A more significant low stand of Lake Edward at 2 ka BP is marked by a 7% increase in mole% Mg in calcite (Russell and Johnson, 2005; Russell et al., 2003b) . Desiccation of Lake George would have resulted in abrupt cessation of the warm, nutrient-rich inflow through the Kazinga Channel (Russell et al., 2003a) . The level of Lake Edward rose shortly after~2 ka BP, possibly indicating re-establishment of inflow from Lake George (Russell et al., 2003a) . From~2 ka BP onwards, a slight decrease in mole% Mg suggests a return to wetter conditions. The d
18 O values of calcite confirmed these long-term trends (Russell and Johnson, 2005; Russell et al., 2003b) .
Samples from three of the four cores obtained during the IDEAL expedition (E96-1P, E96-5M and E96-2P, hereafter referred to as 1P, 5M and 2P) were used in this study to form a composite sequence of Holocene pelagic muds and diatomaceous oozes, in order to avoid the shell concentrates, sand units, slumps and hiatuses found in individual cores (Beuning and Russell, 2004; Russell et al., 2003a; Russell and Kelts, 1999) . Core 1P (0 15.5 0 S, 29 35.0 0 E), with a length of 706 cm, was collected from 63 m water depth in the western basin, the deepest site to be cored. Core 5M (0 21.4 0 S, 29 42.1 0 E) was the longest (768.5 cm), obtained from 30 m water depth to the east of the KFZ. Core 2P (0 18.9 0 S, 29 37.1 0 E) was 489 cm long and was collected from 46 m depth in the western basin. Full stratigraphical descriptions are given by Russell et al. (2003a) and Beuning and Russell (2004) .
Materials and methods
Core sampling
Archived sediment samples from the Lake Victoria and Edward cores were supplied by the LacCore Facility. In order to focus on broad glacial/interglacial changes, the cores were generally sampled at~500 yr resolution back to the period of lowest lake levels at the end of the last glacial (~21 ka), or as far back as individual cores allowed. This period spans the arid conditions at the end of the LGM, the onset of the AHP at~15 ka BP and the shift to drier conditions from~5.5 ka BP to present. Beneficially, many of the cores had already had their biogenic silica (BSi) content and/or diatom concentrations determined, which aided the selection of samples for isotopic analysis.
To isolate enough diatoms for isotopic analysis (~5 mg) , the initial BSi concentrations needed to be relatively high (~10%). If the diatom concentration was lower, a correspondingly larger amount of sediment was processed. Prior work on the sediments of Lakes Victoria and Edward provided confidence in their suitability for extracting pure diatom components, since their BSi concentrations peak at >35% (Johnson et al., 2000; Russell et al., 2003a) .
Diatom extraction
Several chemical and physical methodologies have been suggested for isolating and cleaning diatom frustules (Leng and Barker, 2006) . The methods used here to remove contaminants were tailored specifically to each individual sample, depending on its composition. The first step used HCl to remove carbonates, followed by H 2 O 2 to remove organics (Morley et al., 2004 ). An additional step with concentrated HNO 3 was employed to remove resistant organic matter and to etch the surface of the diatom frustules to release any clays trapped within the pores. The samples were then sieved at 63, 38 and 20 mm using deionised water. This step allowed samples to be divided and isolated into "groups" of contaminants, for example silts and clays, for ease of determining the next suitable methodological step and to concentrate the diatoms. Subsequently differential settling, heavy liquid separation using sodium polytungstate, sonication and SPLITT (gravitational split-flow thin fractionation) were used to varying degrees (Leng and Barker, 2006) before the split samples were recombined. Assessment of the degree of purity of the samples was done visually under a light microscope and a Scanning Electron Microscope (Fig. 3) . The resultant pure diatom fractions were dominated by planktonic forms yet remained taxonomically mixed, as it was impossible to separate a single species. However, evidence for vital effects that exceed analytical error is limited (Brandriss et al., 1998; Moschen et al., 2005; Schiff et al., 2009; Shemesh et al., 1995) . For the O-and Si-isotope analyses of diatom silica , pure diatom samples were analysed at the NERC Fig. 3 . SEM photomicrographs of cleaned samples of planktonic diatoms: a) from Lake Victoria, dominated by Stephanodiscus and Aulacoseira spp; and b) from Lake Edward, dominated by Stephanodiscus spp.
Diatom isotopes (
Isotope Geosciences Facilities, British Geological Survey, using a step-wise fluorination technique. 3e5 mg of purified diatoms were loaded into Ni reaction tubes where they were outgassed for 2 h at 250 C to remove surficial water. Reaction with BrF 5 at 250 C for 6 min removed the outer layer of diatom silica (hydrous layer) containing exchangeable oxygen, before a full reaction with an excess of reagent at 500 C for 14 h to dissociate the silica into oxygen, which was subsequently converted into CO 2 , and silicon to SiF 4 , following the method described by Clayton and Mayeda (1963) . After extraction, the collected gases were analysed for O and Si isotopes using a Finnigan MAT™ 253 Isotope Ratio-Mass Spectrometer. Full details of the fluorination line and methodology are given by Leng and Sloane (2008) Si.
Lipid biomarkers
Sediments from Lakes Victoria and Edward were sampled at 500-year resolution for total lipids (n ¼ 59). A known amount of freeze-dried, ground sediment (~1 g) from each depth was extracted with dichloromethane (DCM)/methanol (9:1 v/v) using an accelerated solvent extractor (Dionex: ASE 200) at 100 C and 1500 psi for 25 min in 1 cycle. Following the methods of Ficken et al. (1998) and Huang et al. (1999) , total extracts were split into acid and neutral fractions using solid-phase extraction (Aminopropyl Bond Elut ® cartridges). The neutral fraction was eluted with DCM/isopropanol (2:1 v/v) and the acid fraction recovered using 2% acetic acid in ether. The neutral fraction was fractionated further into a hydrocarbon and a polar fraction by column chromatography using freshly activated alumina, eluting the hydrocarbons with hexane/DCM (9:1 v/v) and subsequently the polar fraction with methanol/DCM (1:1 v/v). The acid and polar fractions are not discussed here. The hydrocarbon fraction was de-sulphurized by the addition of activated Cu turnings prior to the separation of the branched hydrocarbons (non-adduct fraction) from the straight-chain hydrocarbons (adduct fraction) by urea adduction. A known amount of standard solution (n-C 36 alkane) was added to each sample prior to analysis by gas chromatographyemass spectrometry (GCeMS).
Quantification and identification of straight-chain hydrocarbons (adduct fraction: n-alkanes and n-alkenes) and branched hydrocarbons (e.g. botryococcenes) were carried out by GCeMS performed on an Agilent 6890 gas chromatograph (split/splitless injection, 70 eV, EI) interfaced directly with an Agilent 5975 mass spectrometer. A HP5-MS fused silica capillary column (30 m Â 0.25 mm; 0.25 mm film thickness) was used. The oven temperature was held at 60 C for 1 min, ramped at 10 C per minute to 180 C and then ramped at 4 C per minute to 300 C where it was held for 15 min. He was used as the carrier gas.
Chronology
Existing radiocarbon age models for Lakes Victoria and Edward (Beuning and Russell, 2004; Johnson et al., 2000; Russell et al., 2003a) were used in order to permit direct comparisons with published data. These employed linear interpolation between dates to allow for varying sedimentation rates. However, all radiocarbon dates have been re-calibrated here using CALIB version 6.0 (Stuiver et al., 2012) .
Results
Lake Victoria
Diatoms dominated the BSi fraction of Lake Victoria sediments (>99%) apart from the occasional sponge spicule or phytolith. The size fraction most commonly used for isotope analysis was the 20e38 mm fraction, composed predominantly of planktonic Stephanodiscus and Aulacoseira spp. with occasional fragments of large Surirella spp. Breakage of diatom frustules may have occurred during cleaning for isotope analysis, as the remainder of the diatoms were well preserved throughout the core and there were no signs of dissolution or diagenesis (Fig. 3) . Only samples at least 97% free from contamination were used for isotope measurements (n ¼ 10). None of the material analysed showed evidence of contamination based on replicate analyses and the observed mass- In the sediments analysed (dated~14.9e1.4 ka BP), d
18 O diatom values varied over a fairly narrow range (4.6‰), from þ39.4 to þ44.0‰ (Fig. 4) . During the late-glacial transgression, as the level of Lake Victoria rose, d
18 O diatom decreased from þ43.5‰ at~14.9 ka BP to þ40.5‰ at~12.7 ka BP. During the Younger Dryas event, it climbed again to a maximum measured value of þ44.0‰ at~11.6 ka BP. A sharp decrease then occurred to the lowest value of þ39.4‰ at 10.7 ka BP. d
18 O diatom remained low throughout the early Holocene (~10.7e8.0 ka BP). From~8.0 to 3.1 ka BP, it increased slowly to a maximum of þ42.4‰ at 3.1 ka BP, but then fell again to þ40.6‰ at 1.4 ka BP. The top of the core is missing.
Si diatom values ranged from þ0.62 to þ1.26‰ over the last 15 ka BP, giving a total variation of 0.64‰ (Fig. 4) The P wax index varied from 0.50 to 0.74, suggesting significant variations in organic-matter sources over the last~21 ka BP (Fig. 4) . During the early part of the record, two intervals of high P wax values (>0.60), dated~20.1e18.5 and~16.1e15.7 ka BP, confirm the dominant contribution of leaf waxes from emergent macrophytes/ terrestrial plants to the two vertisols present in the core. Elevated P aq (not shown) in the intervening interval, coupled with very low P alg values, suggests very shallow water with abundant submerged/ floating macrophytes, which may have shaded out phytoplankton. An abrupt decline to a minimal P wax value (0.52) at~14.9 ka BP, as the basin reflooded, was followed by a sharp increase to a maximum (0.74) at~14.1 ka BP. P wax then remained high for several millennia (~14.1e9.7 ka BP) indicating a substantial contribution from terrestrial/emergent plants, before progressively decreasing through the early to mid-Holocene. Although P wax values continued to decline slowly during the late Holocene, they remained fairly stable (0.59e0.63), particularly between~5.8 and 3 ka BP.
A transient increase in the aquatic, n-alkane-based P aq index to 0.65 during the lake transgression (~14.9 ka BP) was followed by an abrupt drop to minimal P aq values (0.36e0.54), which persisted through the late-glacial and early Holocene (~14.1e8.0 ka BP), indicating a dearth of shallow, marginal habitats. From~7.5 ka BP onwards, P aq values remained high and fairly stable (0.53e0.69), suggesting an increased prevalence of submerged/floating aquatic plants, especially at the top of the record (~2.2e1.4 ka BP). Algal nalkenes were also found in high abundance in the hydrocarbon fraction. Despite the array of 14 botryococcene compounds (plotted separately in Fig. 4) , cyclobotryococcatriene was not identified. A peak in P alg (0.48) at~14.9 ka BP suggests a transient increase in algal production as the basin floor reflooded. From~14.1 to 6.6 ka BP, P alg increased gradually from 0.09 to 0.29, remaining fairly stable (0.19e0.26) between 6.1 and 3.1 ka BP. During the last~3 ka, P alg values were higher ( 0.36) but fluctuating. The two aquatic indicators, P alg and P aq , varied in parallel. An ecological relationship between the algal groups that contributed to P alg and floating/ submerged macrophytes is possible given that the latter often support important periphytic algal communities (Brenner et al., 2006 ; Kom arek and Jankovsk a, 2001).
Lake Edward
Diatoms form the largest BSi component in Lake Edward sediments (>99%), with the addition of an occasional sponge spicule or phytolith. The diatom assemblages were dominated by a few main genera: Stephanodiscus, Surirella and Nitzschia. Stephanodiscus spp. were most abundant in all samples (Fig. 3) . A notable shift in species composition between~5.2 and 4.3 ka BP was observed when purifying diatoms for isotope analysis, from a mixed assemblage with Stephanodiscus, Aulacoseira, Surirella, Nitzschia, Synedra and Cymbella spp. to one dominated by a single taxon, Stephanodiscus spp. Of the 21 sample depths selected, 19 proved suitable for O-and Si-isotope analysis. Apart from some frustules that showed signs of breakage during clean-up, notably large Surirella spp., the remainder were well preserved with no signs of dissolution or diagenesis (Fig. 3) . The most common size fraction used for isotope analysis was 20e38 mm, but the 38e63 and >63 mm fractions were frequently analysed as well, in order to check for diatom species/ size effects and contamination by problem components; for example, resistant charcoal particles were encountered in the coarser fractions but absent from the 20e38 mm fraction. In total, including replicates and multiple size fractions, 33 18 O diatom varied by 7.2‰ (Fig. 5 ). Early Holocene (~11.1e7.3 ka BP) values were relatively low and stable, fluctuating only between þ36.8 and þ38.5‰. Between~6.9 and 5.6 ka BP, they increased abruptly by 4.6‰, from þ35.4 to þ40.0‰. A sudden decrease of 3.2‰ between~5.6 and 5.2 ka BP was followed by an abrupt increase of 3.5‰ to þ40.3‰ at 4.4 ka BP. From 4.4 ka BP onwards, d
18 O diatom increased steadily, attaining its
Holocene maximum (þ42.6‰) at~1.9 ka BP and then decreasing very slightly (to þ41.6 at~1.4 ka BP) before reaching þ42.2‰ at 1 ka BP. The uppermost sediments were not retained by the corer.
The Holocene range of d
30
Si diatom values was 1.67‰: from þ0.49 to þ2.16‰ (Fig. 5) . d
30 Si diatom declined from þ1.07‰ at~11.1 ka BP to minimum values of þ0.49 to þ0.60‰ at~10.7e9.8 ka BP. Between~9.8 and 9.5 ka BP, a positive shift of 0.51‰ occurred, leading to a plateau (þ0.69 to þ1.00‰) that lasted until~4.4 ka BP. From 4.4 to 3.4 ka BP, d
30 Si diatom increased by þ1.23‰ to its Holocene maximum (þ2.16‰), shortly followed by an abrupt decrease to þ1.06‰ at~2.9 ka BP. During the late Holocene (~2.9e1.0 ka BP), it rose again to relatively high values, peaking at þ1.99‰ at~1.4 ka d) total C concentration (%) ); e) P wax index (n-alkanes from terrestrial higher plants and emergent macrophytes); f) P alg index (n-alkenes from microalgae); g) total concentration of botryococcene compounds (mg/g TOC); h) magnetic susceptibility (10 À8 SI units) ; i) equatorial June insolation (Berger and Loutre, 1991) .
BP, followed by a small downturn to 1.92‰ by~1 ka BP. The parallelism between d
Si diatom and d
18
O diatom in Lake Edward, while not directly causal, reveals a connection between the processes governing the two isotope systems.
In the Lake Edward sequence, the P wax index varied from 0.18 to 0.75, reflecting major changes in the origin of the organic matter (Fig. 5) . At the base of the record (~11.1e10.7 ka BP), P wax values increased from 0.56 to 0.67, remaining high and relatively stable (0.65e0.75) throughout the early to mid-Holocene, implying that leaf waxes from terrestrial or emergent-macrophyte sources predominated. Around 5.6 ka BP, a transient fall to 0.50 suggests a significant aquatic input, after which P wax values reverted to early Holocene levels until~4.4 ka BP. They then declined to a minimum at~2.4 ka BP. In the youngest sediments sampled (~2.4e0.9 ka BP), P wax fluctuated greatly but remained relatively low apart from the uppermost sample.
As in Lake Victoria, the two aquatic-biomarker indices P aq (not shown) and P alg varied in parallel, suggesting that they reflect the importance of shallow-water, marginal habitats with abundant aquatic vegetation. At the start of the Holocene (~11.1 ka BP), P aq values were slightly elevated (0.57) but P alg was low (0.11) (Fig. 5) . From~10.7 to 6.1 ka BP, both indicators remained low and stable, marking a prolonged period of reduced input from submerged/ floating macrophytes and algae. At~5.6 ka BP, modest peaks reflect a brief increase in aquatic contributions. Both curves then rose steadily from~5.2 ka BP to a maximum at~2.4 ka BP. From 2.4 ka BP onwards, these aquatic indicators remained high but fluctuating.
Interpretation and discussion
The isotope records from diatom silica in Lakes Victoria and Edward are very coherent, although the range of measured values in the two lakes differs in accord with their contrasting geological settings and water-balance types. In the longer (~14.9 ka) but lower-resolution Lake Victoria record, d
18 O diatom varies from þ39.4 to þ44.0‰, reflecting the very large surface area of the lake and the dominance of evaporative losses in its water budget (Crul, 1995; Nicholson, 1998; Piper et al., 1986; Street-Perrott and Harrison, 1985; Sutcliffe and Parks, 1999) . In contrast, the range of d 18 O diatom in the shorter (~11 ka) Lake Edward sequence is wider (from þ35.4 to þ42.6‰) but the average value is >2‰ lower. Although Lake Edward is situated at a lower altitude, it is fed mainly by highmountain streams with low d
18 O values (Cockerton et al., 2013) , is smaller and deeper, and loses proportionally far more water by surface outflow (Russell and Johnson, 2006; Viner and Smith, 1973) . However, as a reservoir-type lake, dependent to a much greater extent on surface inflows than Victoria, it should also have been much more vulnerable to climatic vicissitudes affecting the discharge and d
18 O values of major riverine inputs, such as the inflow from Lake George through the Kazinga Channel (Russell et al., 2003a; Viner, 1977) .
The distribution of Si-isotope values in the sediments of the two lakes also differs significantly. d
30 Si diatom values in Lake Victoria (þ0.62 to þ1.26‰) are on average~0.4‰ lower than those in Lake Edward (þ0.49 to þ2.16‰). They also vary over a narrower range (0.64‰), compatible with Rayleigh fractionation in a closed system (‰); d) P wax index (n-alkanes from terrestrial higher plants and emergent macrophytes); e) P alg index (n-alkenes from microalgae); f) Equatorial June insolation (Berger and Loutre, 1991) .
such as the epilimnion of a large lake ( 1.1‰) (Alleman et al., 2005; De La Rocha, 2006) , whereas the 1.67‰ range of measured values in Lake Edward suggests open-system behaviour (Basile-Doelsch, 2006; Opfergelt et al., 2011; Varela et al., 2004 and Holocene imply a higher ratio of Si supply to demand, as well as a more stable aquatic ecosystem and sedimentation regime, respectively, than in Lake Edward during the Holocene. This contrast may reflect the greater dependence of Lake Edward on highly variable riverine DSi inputs as well as its much shorter DSi residence time (~4 yr as opposed to~40 yr) (Hecky et al., 1996; Johnson et al., 1998; Russell and Johnson, 2005) . Like the two isotope indicators, the ranges of all three biomarker indices are wider in the Lake Edward sequence than in Lake Victoria, despite the much shorter time span covered (~11 ka vs.~21 ka, respectively). P wax varied from 0.18 to 0.75 (as opposed to 0.50 to 0.74 in Lake Victoria), P aq from 0.36 to 0.93 (vs. 0.36 to 0.69) and P alg from 0.10 to 0.87 (vs. 0.03 to 0.48). These contrasts confirm the greater sensitivity of Lake Edward to millennial-scale Holocene variations in climate, vegetation and riverine inputs, notably fluctuations in the nutrient-enriched inflow from Lake George (Russell et al., 2003a; Viner, 1977) .
Confidence in our isotope and biomarker records is greatly enhanced by their close correspondence with the palaeolimnological records from the two lakes. Past variations in d 18 O diatom agree closely with palaeohydrological indicators such as diatom assemblages (Stager and Johnson, 2008) and dD of leaf waxes (Berke et al., 2012) from Lake Victoria, and mole% Mg and d 18 O in calcite (Russell et al., 2003b) from Lake Edward. Our biomarker data are in good accord with published pollen (Beuning and Russell, 2004; Kendall, 1969) and BSi records Russell et al., 2003a ) from both lakes. In turn, our novel Siisotope analyses support and refine the interpretation of the published BSi concentration data, since the d 30 Si composition of preserved silica is much less affected than BSi concentrations by silica dissolution in the water column and variations in the accumulation rate of other sediment fractions.
During the LGM, consistently low values of P alg in Lake Victoria (Fig. 4) support the stratigraphical evidence Talbot and Laerdal, 2000) for formation of a double vertisol under swampy conditions (high P wax ) with an intervening period of very shallow water (high P aq ) at the core site. Our sparse d
18
O diatom data confirm the existence of very dry conditions at the start of the lacustrine transgression (~14.9 ka BP) and again during the Younger Dryas stadial (Berke et al., 2012; Johnson et al., 1996; Stager and Johnson, 2008) , with an intervening freshening (~12.7 ka BP) during the initial period of lake overflow Williams et al., 2006) . 14 C-and OSL-dated alluvial deposits in the lower White Nile valley south of Khartoum demonstrate the occurrence of very high Nile flood levels in the interval~14.5e13 ka BP and to a lesser extent between~9.7 and 9.1 ka BP (Williams et al., 2015) , in good agreement with our d
18 O diatom record from Lake Victoria.
Despite increasing concentrations of BSi in core V95-1P , d
30 Si diatom declined by 0.6‰ between~14.9
and 10.7 ka BP (Fig. 4) (Alexandre et al., 1997; Kelly et al., 1998; Lucas, 2001) . During the late-glacial, as JJA insolation, air temperature and monsoon rainfall increased (Berke et al., 2012) , montane rainforest and ericaceous shrubland expanded at high altitudes (Jolly et al., 1997) , while semideciduous forest replaced savanna grassland around Lake Victoria (Kendall, 1969) , driving up P wax (Fig. 4) . Recent work in Belgium suggests that development of climax forest both increases DSi fluxes to streams (Struyf et al., 2010) and decreases the d
30 Si values of soil water, due to intense recycling of isotopically depleted BSi and secondary silicates (Vandevenne et al., 2015) . We hypothesize that a warmer, more humid climate with increased woody vegetation cover boosted dissolution of phytoliths and silicate minerals in weathering-limited, high-altitude regions, as well as enhancing the flushing of isotopically depleted DSi from transport-limited, deep soil mantles in the equatorial lowlands (cf. . Secondly, refilling of the lake basin after 15 ka BP (Berke et al., 2012; Johnson et al., 1996; Stager and Johnson, 2008) may have remobilized large amounts of isotopically depleted BSi from newly flooded wetland soils (Frings et al., 2014b; Struyf et al., 2015) . Thirdly, Lake Victoria overflowed into the White Nile from~14.2 to 14 ka BP onwards Williams et al., 2006) , shortening the residence time of DSi in the waterbody (Beuning and Russell, 2004) .
At first sight, it is puzzling that the cold/dry Younger Dryas event (~13e11.5 ka BP), which is clearly represented in Lake Victoria by its fossil diatom assemblages (Stager et al., 1997 ) and the d 18 O peak at 11.6 ka BP, barely registered in the Si-isotope curve from core V95-1P, even though sedimentary BSi concentrations reached their highest levels (Fig. 4) . The persistence of low d 30 Si diatom values suggests that the riverine DSi flux continued to exceed diatom demand during this interval. A lack of clastic sedimentation to dilute the accumulating BSi is implied by a minimum in magnetic susceptibility (MS) in this core (Fig. 4) . However, the rather weak Younger Dryas signal in the pollen record from Lake Victoria (Kendall, 1969) implies that terrestrial vegetation, chemical weathering, Si cycling and erosion in its vast catchment exhibited a slower and more muted response than lake level to this abrupt fluctuation in climate.
The early to mid-Holocene (~11.5e5.5 ka BP) was the warmest and wettest period of the last 20 ka in the upper White Nile drainage (Berke et al., 2012) . High groundwater levels and local wetlands persisted until~6 ka BP in areas adjacent to the lower White Nile valley (Williams et al., 2015) . Both our lake records display persistently low and parallel d
18 O diatom and d
30
Si diatom curves, alongside high values of P wax (Figs. 4 and 5 ). In the Lake Victoria basin, the P wax curve reflects the dominance of humid, evergreen rainforest, whereas Lake Edward was surrounded by moist semi-deciduous forest, suggesting high chemical-weathering rates and riverine DSi fluxes in both catchments. Both lakes were extensive and overflowing.
Paradoxically, however, BSi concentrations fell to their lowest measured levels in core V95-1P during the early Holocene. A peak of botryococcenes dated~10.3e6.1 ka BP (Fig. 4) confirms palaeoecological data showing that B. braunii and other green algae outcompeted diatoms in Lake Victoria (Johnson et al., , 2000 . Johnson et al. (2000) suggested that increased stratification of the water column due to low wind strength or intense surface heating might have prevented diatoms from remaining in suspension or negated their competitive advantage at withstanding mixing: a hypothesis applicable to both lakes. However, replacement of Stephanodiscus astraea as the dominant diatom taxon by more Sidemanding Aulacoseira spp. (Kilham et al., 1986) In Lake Malawi, for example, cyanobacteria and green algae outcompete diatoms during the modern rainy season, when the lake is strongly stratified and nutrient levels are low (Stone et al., 2011) . Here, we propose that the dominance of stable forest, lake and swamp environments in the upper White Nile catchments during the early to midHolocene (Beuning and Russell, 2004; Beuning et al., 1997; Jolly et al., 1997; Kendall, 1969) , while it enhanced chemical weathering and hence DSi supply, simultaneously minimized riverine influxes of soil-derived particulate and soluble P (cf. Haberyan and Hecky, 1987) , thereby promoting dominance of Lake Victoria by green algae, which only need moderate amounts of P and do not deplete DSi. The colonial alga B. braunii is particularly buoyant and can thrive in very oligotrophic waters with low P, C and N concentrations (Smittenberg et al., 2005; Street-Perrott et al., 2007 and references therein). After the end of the AHP (~5.5 ka), insolation forcing, monsoon intensity, forest cover and P wax all declined, while d
18 O diatom increased in Lakes Victoria and Edward, testifying to a decrease in P/E (Figs. 4 and 5 ). Parallel increases in P aq and P alg in both sequences reflect the expansion of marginal shallows in which submerged/floating macrophyte communities supported periphytic algae (Stager, 1984; Stager and Johnson, 2000 (Williams et al., 2015) . During the late Holocene, the millennialscale fluctuations of d
Si diatom observed in Lake Edward may have been magnified by variations in water and nutrient influx through the Kazinga Channel. In particular, its Si-isotope maximum at~3.4 ka BP may reflect complete desiccation of Lake George (Viner, 1977) , cutting off fluvial DSi inputs derived from its Rwenzori tributaries and the activity of grazing hippos.
These natural changes in terrestrial vegetation and Si cycling were reinforced by deforestation by pioneer Iron-Age farmers beginning~3 ka BP (Jolly et al., 1997; Taylor et al., 2000) , or possibly even earlier (Lejju et al., 2006) . After an initial transient response, forest degradation and conversion to cropland can be expected to decrease long-term DSi export fluxes (Struyf et al., 2010) , while increasing riverine d
Si values (Vandevenne et al., 2015) and P fluxes (Brenner et al., 2006; Sharpley et al., 1995; Smil, 2000) , thereby leading to lake eutrophication (elevated P aq , P alg ) and 18 O diatom and P wax (Figs. 4 and 5) provides evidence that the major stages in the lateglacial and Holocene evolution of the Si cycle in the upper White Nile basin were driven by orbital forcing of climate and associated land-surface feedbacks acting on a multi-millennial time scale, together with superimposed sub-Milankovitch fluctuations in temperature and monsoon rainfall of sufficient magnitude and duration to impact significantly on terrestrial ecosystems and be registered at~500 yr sampling resolution. The late Holocene arrival of agriculture and iron smelting may merely have enhanced the impact of declining monsoon rainfall. A very similar d 30 Si diatom curve was obtained by Swann et al. (2010) from Lake El'gygytgyn, Siberia, hinting that significant Late Quaternary variations in the continental Si cycle were driven by global climate change through its influence on rates of chemical weathering and nutrient mobilization. However, many more Si-isotope records will be needed in order to confirm this hypothesis.
Conclusions
The isotopic changes recorded in the sediments of these large lakes, located at the head of one of the world's principal river systems, demonstrate the interaction of global climate with a major biogeochemical cycle at multi-millennial to millennial time scales. If other large river systems were similarly affected, the regulation of the silicon cycle by terrestrial and freshwater ecosystems may have been a major determinant not only of DSi export from the continents to the oceans, but also of its mean Si-isotope value. Given the significant role played by diatoms in drawing down CO 2 in the oceans, where they account for~20% of net primary productivity, natural perturbations of the continental silicon cycle may have had direct feedback effects on the carbon cycle, and hence on global changes initiated by orbital forcing and major atmosphereeocean reorganizations.
